Abstract The advent of molecular biology in general and the polymerase chain reaction in particular have greatly facilitated genomic analyses of microorganisms, provide enhanced capability to characterize and classify strains, and facilitate research to assess the genetic diversity of populations. The diversity of large populations can be assessed in a relatively efficient manner using rep-PCR-, AFLP-, and AP-PCR/RAPDbased genomic fingerprinting methods, especially when combined with computerassisted pattern analysis. Genetic diversity maps provide a framework to understand the taxonomy, population structure, and dynamics of phytobacteria and provide a highresolution framework to devise sensitive, specific, and rapid methods for pathogen detection, plant disease diagnosis, as well as management of disease risk. A variety of PCR-based fingerprinting protocols such as rDNA-based PCR, ITS-PCR, ARDRA, T-RFLPs, and tRNA-PCR have been devised, and numerous innovative approaches using specific primers have been adopted to enhance both the detection and identification of phytobacteria. PCR-based protocols, combined with computer-based analysis, have provided novel fundamental knowledge of the ecology and population dynamics of bacterial pathogens, and present exciting new opportunities for basic and applied studies in plant pathology.
INTRODUCTION
The advent of molecular biology has caused a significant shift in the types of approaches used to characterize and identify plant pathogens and to devise disease management strategies. This shift is driven by both technology and ecology, and has occurred in parallel with significant changes in agricultural production methods, as highlighted by advances in precision agriculture and ecologically based pest 0066-4286/99/0901-0081$08.00 ? management approaches (EBPM). Whereas precision agriculture has been driven primarily by technology and requires massive data sets and a suite of information technologies to design crop-production strategies (118), EBPM is biointensive and requires detailed knowledge of multilevel interactions between parasitic and beneficial organisms and their plant hosts (69, 89).
Likewise, technological advances in molecular biology have radically changed our capacity to rapidly characterize and track microorganisms. Complete genomic DNA sequences of 18 microorganisms to date, and an additional 56 under way (35, and WWW sites therein), have provided an extensive framework for a new era of microbial genetics, classification, and identification. These genomic approaches have also generated molecular tools for rapid and high-resolution pathogen detection and disease diagnosis. In fact, for novel or nonculturable pathogens, 16S rDNA sequence analysis has provided knowledge about the biology and ecology of the pathogen based on the nature of its "nearest neighbors" in the phylogenetic "tree of life." EBPM, on the other hand, requires a detailed knowledge of the structure of microbial communities in the bulk soil, the phyllosphere, endosphere, and rhizosphere of plants, as well as information on the nature, predominance, and metabolic activities of the members of these microbial communities. The generation of this basic knowledge has been advanced dramatically by the application of molecular genetic approaches to microbial ecology and has resulted in the birth of a new branch of research, termed Molecular Microbial Ecology (1). Molecular methods to establish the nature and population dynamics of microorganisms form a major component of molecular microbial ecology and are also very useful to identify and characterize plant pathogenic microorganisms, the major focus of this review.
Historically, a variety of phenotypic characteristics of microorganisms have been exploited to identify and classify plant pathogenic bacteria, such as specific antigens to permit serology-based analysis (ELISA), biochemical characteristics, substrate utilization profiles (BIOLOG), fatty acid composition (FAME), and multilocus enzyme profiles (MLEE). However, the phenotypic features often are difficult to ascertain reproducibly and may not necessarily reflect the genetic relatedness of bacterial isolates. In contrast, DNA-based methods are more stable, provide a more precise derivation of genetic relationships, and are highly amendable to statistical and computer-based pattern analyses and data management protocols.
DNA-based bacterial characterization methods can be divided roughly into PCR amplification-dependent and independent genomic analysis approaches (Figure 1) . One of the most fundamental direct genomic analysis methods is based on total DNA-DNA homology, or DNA-DNA reassociation kinetics, to compare bacterial isolates pairwise (189) . In fact, the degree (percentage) of total genomic DNA-DNA homology has been considered a major determinant of the definition of a bacterial species [70% DNA homology (189) ].
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Figure 1
Relative capability of DNA-based methods to resolve bacteria at different taxonomic levels.
A second direct, but partial, genomic analysis method is based on the characterization of plasmid profiles. A third direct genomic analysis method is based on digestion of total genomic or plasmid DNA with restriction enzymes and analysis of the resulting banding patterns, visualized by DNA staining methods (REA), or after hybridization with specific genomic probes (restriction fragment length polymorphism, RFLP). A more sophisticated derivative of this method uses infrequently cutting restriction enzymes to fragment the genome, followed by separation of the resulting large restriction fragments by pulsed field-or field inversion gel electrophoresis (PFGE; FIGE) and pattern analysis by direct DNA staining or after DNA hybridization experiments.
PCR amplification-independent genomic analyses are less useful than PCRdependent approaches, since the latter need only a small amount of DNA and generally are more specific, sensitive, and rapid. The general use of PCR in plant pathology, for pathogen detection and disease diagnosis, has been reviewed (51, 57, 60). In this review, we focus primarily on PCR-based genomic fingerprinting and other PCR-based genome analysis methods to classify and type pathogenic bacteria. On occasion, we use examples of the analysis of plant-associated, but nonpathogenic bacteria, because a number of research advances have indicated that such bacteria are equally important for plant health management and that these microorganisms serve as excellent model systems for population analysis. We argue that PCR-based protocols provide a viable and rapid approach to pursue fundamental questions about multitrophic interactions in cropping systems. We also show that the relative ease of PCR protocols, combined with computer-assisted ? pattern analysis and data management methods, enable the assessment of the structure and dynamics of large populations of a pathogen, which provides an unprecedented potential to devise ecologically based, practical disease management strategies.
THE THREE Ds OF PCR-BASED GENOME ANALYSIS
Three Ds-diversity, detection, and diagnosis-provide a framework for the application of different PCR-based genome analysis protocols. "Diversity" refers to the degree of genetic variation within bacterial populations and relates to bacterial systematics, at multiple taxonomic or phylogenetic levels, as well as to the structure of pathogen populations. Our key premise is that assessing genetic diversity of populations is required to establish a stable taxonomy and developing durable disease management strategies for pathogenic bacteria. Such an approach is analogous to mapping soil variation that provides global position coordinates for precision agriculture; the latter cannot be accomplished without the former and the level of detail required is dependent on the objectives. For example, Istock et al (67) have proposed that genetic diversity "maps," most probably in the form of dendrograms or phylogenetic trees, can "provide orderly images of the natural structure of bacterial variation at many taxonomic levels." Thorough assessment of diversity will lead to better classification schemes. Once a stable classification has been established, well-grounded detection and plant disease diagnosis protocols can be devised, new isolates can be quickly characterized, problematic groups of strains can be proactively addressed, and specific ecological research questions can be more vigorously pursued.
"Detection" deals with establishing the presence of a particular target organism within a sample, while "diagnosis" relates to the "identification of the nature and cause of a disease problem" (158) . Identification typically involves assigning an unknown organism to a known taxonomic group, based on selected characteristics (158) . Regardless of the characteristics chosen, plant disease diagnosis and pathogen detection approaches require substantial levels of specificity, sensitivity, and speed. Specificity, in this case, is defined as the capability to target the organism of interest, in the absence of false positives when it is not present or false negatives when it is present. In the case of PCR-based methods, this specificity is largely determined by primer selection and amplification conditions. Sensitivity relates to the lowest number of pathogen cells per assay or sample that can be reliably detected and depends on the nature of the PCR protocol, including sampling protocols and sample preparation. Plant disease diagnosis is more dependent on specificity than on sensitivity. Usually, diagnosis is based on observed symptoms and generally only a limited number of known possible causal agents need to be considered. The titer of the pathogen is generally higher in symptomatic tissues than in seed lots, for example, and in many cases, the pathogen can first be cultured on selective media and only suspect colonies are subjected to PCR-based ? PCR GENOME ANALYSIS OF BACTERIA 85 identification protocols. Identification of a pure culture can be accomplished by using specific primers to amplify a diagnostic fragment or universal primers that provide a diagnostic genomic fingerprint.
DIVERSITY ASSESSMENT
PCR-based diversity studies are generally accomplished with universal primers that generate an array of DNA amplicons frequently referred to as genomic fingerprints. Three protocols have been commonly employed to fingerprint phytobacteria, including arbitrarily primed [AP-PCR (192) ] or randomly amplified polymorphic DNA [RAPDs (195) ], repetitive sequence-based rep-PCR (29, 76a, 184) , and amplified fragment length polymorphism [AFLP (188) ] analysis. Each of these protocols generates a collection of genomic fragments via PCR, which are resolved as banding patterns that provide a high level of taxonomic resolution (Figure 1 ).
Genomic Fingerprinting Protocols
AP-PCR and RAPD-Based Genomic Fingerprinting AP-PCR/RAPD analyses have been used extensively to assess the diversity or nature of phytobacteria [2, 10, 14, 25, 67a, 104a, 107, 115, 127, 131; See (13) for a AP-PCR/RAPD review]. A similar protocol has been referred to as DNA amplification fingerprinting (DAF; (21) . Short oligonucleotides of an arbitrary DNA sequence, used in pairs or singly under low stringency conditions (generally 35-40
• C, high salt, low DMSO concentrations), fortuitously anneal to target DNA sites that are partially or fully complementary to the primer sequence. An array of variable-size PCR products are generated corresponding to the number of annealing site pairs proximal enough (∼200 to 2000 bp) for PCR-mediated DNA amplification. AP-PCR/RAPDs requires no prior knowledge of target DNA sequences but may require empirical screening of a number of arbitrary primers to generate the genomic fingerprints desired.
Repetitive DNA PCR-Based Genomic Fingerprinting
Rep-PCR analysis was developed based on the observed occurrence of specific conserved repetitive sequences [repetitive extragenic palindromic (REP) sequences, enterobacterial repetitive intergenic consensus (ERIC) sequences, and BOX elements] distributed in the genomes of diverse bacteria (184, 185) . However, the term has been expanded to include the use of primers for PCR genomic fingerprinting that anneal to any repetitive DNA sequences (44, 45). Three primer sets are commonly used for rep-PCR genomic fingerprinting analysis, corresponding to REP, ERIC, and BOX sequences. The protocols are referred to as REP-PCR, ERIC-PCR, and BOX-PCR, respectively, and rep-PCR, in general. The primers are designed to amplify intervening DNA between two adjacent repetitive elements (Figure 2 ), although primer annealing to other homologous DNA sequences cannot be discounted (47, 97 annealing sites for universal primers (2) and facilitate selective amplification of variable length DNA (3) fragments (∼200-6000 bp) that can be resolved using gel electrophoresis.
? ranging in size from less than 200 bp to more than 6 kb ( Figure 3 ). Rep-PCR has been extensively used to identify pathogens, to differentiate strains, and to assess the genetic diversity of plant pathogens (Figure 3 ). Recent reviews have provided detailed protocols and applications of rep-PCR (97, 135, 138, 182, 185) , including applications to medical and environmental microbiology. Each primer set (REP, ERIC and BOX) is useful to fingerprint diverse bacteria, including gram-negative and gram-positive phytobacteria, as well as plant-associated actinomycetes (24, 29, 93, 94, 138, 143a, 184, 185) . A more specialized form of "rep-PCR" employs primers designed to generate PCR amplification from the repetitive element IS1112, commonly found in Xanthomonas oryzae pv. oryzae (44). Similar to the rep-PCR protocol outlined above, 13 to 35 bands could be amplified per X.o. pv. oryzae genome, ranging in size from 100 bp to 7 kb, and providing a basis to discern the diversity within the X.o. pv. oryzae population sampled. This form of repetitive element-based PCR also generates genomic fingerprint patterns from other gram-negative bacteria (44). The ability to generate complex genomic fingerprint profiles exploiting repetitive DNA sequences has also been adapted to fingerprint fungal genomes (45).
Amplified Fragment Length Polymorphism Genomic Analysis
AFLP analysis also appears to be a universal protocol to fingerprint plant pathogenic bacteria (17, 25, 70) . AFLP involves three steps: (a) restriction of genomic DNA using two restriction endonucleases, (b) ligation of specific double-stranded DNA adapters to the respective restriction fragments to function as priming sites, (c) amplification of fragments using two primers complementary to the ligated adapters (Figure 4) . The primers include one or two additional nucleotides at the 3 end designed to selectively match genomic DNA sequences flanked by the adapters in order to generate specific fragment sets that perfectly match the adapters and adjacent bacterial nucleotide(s) (188) .
Phylogenetic and Taxonomic Levels of Resolution, Facilities Required and Reproducibility
The three genomic fingerprinting protocols summarized above are all useful to assess bacterial diversity at the strain and subspecies level. Both rep-PCR and AFLP are also useful to classify pathogens at the species level (discussed below), whereas AP-PCR/RAPD analyses may be less useful for such comparisons (25) . Several populations of plant bacteria have been characterized by more than one protocol for comparative analysis. For example, X. fragariae comprises a highly homologous population based on rep-PCR genomic fingerprinting (122, 132) , whereas the use of arbitrary primers differentiated more strains (132) . Rep-PCR genomic fingerprinting did not detect many polymorphisms among strains of Erwinia amylovora (110), whereas distinct polymorphisms were noted after a large number of arbitrary primers were screened (115). AFLP analysis was found to provide a finer level of taxonomic resolution among pseudomonad strains than AP-PCR/RAPD analysis (25) .
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Figure 3 Overview of rep-PCR genomic fingerprinting and computer-assisted analysis: (a) Template DNA can be obtained direct from plant lesions (e.g. black rot lesions on cabbage caused by X. campestris pv. campestris), from whole-cells growing on selective media, or purified DNA and subjected to rep-PCR. (b) Genomic fingerprint patterns of amplified fragments are resolved using gel electrophoresis and computerassisted pattern analysis. Cluster analysis and principal component analysis are used to understand genetic relationships, or species-, pathovar-, and strain-specific libraries can be constructed for identification purposes. (c) Genomic fingerprint patterns generated using BOX, ERIC, and REP primers were linearly combined and xanthomonads cluster according to their known DNA-DNA homology groupings. The facilities required for the implementation of each protocol differ substantially. All protocols require a thermocycler. However, AFLP is a more laborious process, requiring multiple handling steps including isolation of high-quality DNA, digestion, and ligation (Figure 4) . Resolution of AFLP fragments is accomplished generally with acrylamide gels, and preferably, multicolored fluorescent labels and an automated DNA sequenator, which allows up to three different samples and an internal marker in each lane, or by using a radio-labeled system, with associated hazards and a more cumbersome image-development process. Alternatively, simplified AFLP procedures have been performed with ethidium bromide stained agarose gels (25) . AP-PCR/RAPD and rep-PCR products are generally resolved by agarose electrophoresis protocols, although for rep-PCR, fluorescent-based ? protocols are also available [138, 183 ; discussed in detail below]. Image capture is conveniently accomplished using digital imaging systems, but standard film systems are also effective. Single sets of rep-PCR primers and a unified protocol have been universally applied to fingerprint many groups of diverse bacteria (see 138, 182) . In contrast, AP-PCR/RAPD analysis requires an empirical screen of many primers to achieve the desired results. Moreover, rep-PCR genomic fingerprinting is more amendable to whole-cell PCR analysis and therefore DNA purification methods can often be circumvented, which makes the rep-PCR fingerprinting approach more adaptable and useful (Figure 3) (44, 94, 153) . Lastly, rep-PCR can tolerate a wide range of DNA concentrations, whereas AP-PCR/RAPD analysis is more exacting for the generation of reproducible results.
The choice of protocol to be used depends on the objective of the study. If reproducibility is an exceptionally high priority and if it is important to differentiate very closely related strains within an epidemic or from various sources, then AFLP or rep-PCR genomic fingerprinting is best used. If cost of equipment, labor costs, and protocol complexity need to be kept relatively low, then rep-PCR genomic fingerprinting would be the method of choice. When closely related strains must be differentiated, and the first two techniques do not reveal the desired polymorphisms, AP-PCR/RAPD analysis may be more informative, but will require custom optimization for each specific purpose. Due to its simplicity, robustness, and relatively high-resolution power, rep-PCR genomic fingerprinting has been used most extensively to characterize phytobacterial populations.
Computer-Assisted Pattern Analysis
Genomic fingerprint profiles generated by rep-PCR, AP-PCR/RAPD, and AFLP analyses are analogous to UPC symbols (bar codes) used in a grocery store (98). The complexity of the profiles, especially in rep-PCR and AFLP analyses, requires the use of computer-assisted pattern analysis to study large populations for the construction of "diversity maps," as envisioned by Istock et al (67) (Figure 3) . Furthermore, the "bar codes" generated can be exploited as a mechanism for strain identification by creating databases of fingerprint profiles (see below). Numerous hardware and software applications are available and several have been recently reviewed (135, 139) . Genomic fingerprint profiles can be analyzed based on "band scoring" procedures, or based on densitometric curves of the entire fragment profile. The theoretical considerations underlying the analysis of population structure and genetic diversity of plant pathogens are beyond the scope of this chapter and has been reviewed (87). Band scoring can be accomplished manually, followed by computer-assisted analysis of the data if the diversity within a population is limited (44, 95, 143a, 179a) . In these cases, the highest level of reproducibility has been accomplished by loading representative strains (haplotypes) in the same gel and scoring each band as present [1] or absent [0] at each position along the lane. Similarity matrices are calculated using Dice's coefficient, Jaccard's coefficient, or other appropriate coefficients available in software packages such as ? NTSYS-pc (Exeter Biological Software, Setauket, NY). Dendrograms are generated using the unweighted pair-group with arithmetic averages (UPGMA) method found within another subroutine of the NTSYS-pc package. In several cases, the robustness of each dendrogram generated has been assessed by bootstrap analysis (44, 179a).
In contrast, comparison of strains with complex profiles and many polymorphisms by eye is too difficult. In these cases, even computer-assisted band-based scoring are tedious, laborious, and subjective (135, 139) . In our experience, complex banding profiles generated by rep-PCR genomic fingerprinting and AFLP are best analyzed using a curve-based approach. Densitometric curves are generated from the entire genomic fingerprint and contain information about the position and relative intensity of each band. These whole densitometric curves are then compared in a pair-wise fashion using the product-moment or Pearson correlation coefficient (135, 139, 179) . Comparison of whole curves is less dependent on concentrations of DNA samples loaded and when combined with background subtraction methods has been found to be relatively insensitive to background differences. Cluster analysis of the pair-wise similarity values by using the approaches highlighted above, can be easily employed to generate dendrograms or perform other analyses. We have primarily used the GelCompar software (Applied Maths, Kortrijk, Belgium; 179) for such analyses, and detailed protocols are available (135, 139) . Different techniques can be compared by the polyphasic numerical analysis software package BioNumerics (Applied Maths, Kortrijk, Belgium; 139). A very powerful application of the GelCompar software lies in its ability to linearly combine REP-, ERIC-, and BOX-PCR genomic fingerprint profiles into a single data set for high resolution of strains and stable genetic diversity maps (Figure 3 ).
Applications of Genetic Diversity Assessment Methods
Classification Potential of Genomic Fingerprinting Protocols DNA fingerprinting protocols and their relationship to bacterial taxonomy have been reviewed recently (176) . With regard to plant pathogenic bacteria, studies have been described to map the diversity of known species within a complex genus such as Xanthomonas (136) , Pseudomonas (163, 190) , and Clavibacter (93). To carefully analyze how rep-PCR genomic fingerprint protocols compare with other techniques for clustering strains and assessing diversity, we have focused on Xanthomonas as a model system (96, 136, 140) . This genus is of major economic importance worldwide, and currently comprises 20 DNA homology groups (species), determined using a polyphasic approach, including data from the largest matrix of DNA-DNA homology values currently available for any bacterial genus (178; G Lacy, unpublished data; 96). Genomic fingerprints generated from over 350 xanthomonad strains with BOX, ERIC, and REP primers were linearly combined into one data set using GelCompar software (139) (see Figure 3 ). Cluster analysis ? of the combined genomic fingerprint profiles, and to a somewhat lesser extent the separate profiles, grouped strains according to their species designation (DNA homology group), with the exception of the more heterologous DNA homology group 9, which comprises several genomic subgroups. Therefore, the rep-PCR genomic fingerprinting analysis confirmed the DNA-DNA homology-based classification scheme and provided additional data concerning genomic homogeneity or diversity at the subspecies level, refining current concepts of Xanthomonas taxonomy.
In a detailed study of 179 strains characterized by rep-PCR and 82 strains by AFLP analysis, the similarity values generated by the DNA fingerprinting protocols were compared with the corresponding DNA-DNA homology values (n = 732 and 294, respectively) (136) . The similarities between genomic fingerprints were found to directly reflect DNA-DNA hybridization content similarities among strains within the genus. This high level of congruence between DNA fingerprint profiles and DNA-DNA homology values suggests that rapid genomic fingerprinting techniques may preclude, complement, or even replace DNA-DNA homology experiments to clearly define Xanthomonas and other bacterial species under the present nomenclature scheme. This is especially important for studies directed to characterize large collections of culturable but otherwise uncharacterized environmental microorganisms (see below). Parallel studies using clinical bacterial isolates have come to similar conclusions (38, 64, 65, 70), which confirms the general applicability of genomic fingerprinting analyses for species definition.
Bringing Order to Large and Poorly Characterized Bacterial Populations
The power of PCR-based approaches to construct diversity maps lies in their utility for the rapid analysis of unknown populations (e.g. environmental microorganisms) or to map unknown strains into a taxonomic framework. The following environmental application provides a good illustration for this statement. Culturable bacteria were collected from six pristine ecological sites in very different parts of the world. Strains were subject to selection for 3-CBA degrading capability and 150 strains were further characterized. Apart from this one phenotype, no a priori information was available for these populations. However, rep-PCR genomic fingerprinting was utilized to construct a dendrogram and immediate conclusions about the genetic diversity within and among the various sites could be reached, which provided a taxonomic framework for further studies (43). Combining the rep-PCR fingerprints with ARDRA (described below) fingerprints enabled diversity analysis from the strain to the genus/species level (JM Tiedje, JLW Rademaker, MH Schultz, G Moyer, R Fullthorpe, FJ de Bruijn, unpublished data). Sequencing 16S rDNA of selective strains representative of the different clusters was the next level of analysis to characterize these microorganisms. A similar approach could be applied to epidemics of novel pathogens, endophytes of plant roots (165) , and characterization of other microbial populations such as potential biocontrol agents.
Assessing the Genetic Diversity of Host-Adapted Pathogen Populations PCRbased genomic fingerprinting protocols have proven effective in assessing diversity of strains within a host-adapted population (2, 16, 17, 24, 42, 44, 67a, 91, 93, 95, 104a, 110, 122, 131, 132, 165a, 179a, 187) . Bacterial populations are notoriously "shifty enemies" and through mutation, recombination, and migration, complemented with random drift and selection pressure, they often circumvent disease management strategies, such as the use of bactericides and resistant cultivars. Although the evolution of novel strains and dynamics of populations cannot be predicted, the development of disease management strategies, such as host resistance deployment and specific diagnostic protocols, can be advanced based on knowledge of the population structure. Studies of population structure seek to determine the amount of genetic variation and phylogenetic relationships among individuals or subpopulations within a bacterial population (87). Such studies must include a careful analysis of the temporal, spatial, and pathogenic variation of the pathogen, a very laborious task when using protocols such as RFLP but feasible using PCR-based genomic fingerprinting protocols (44, 179a).
For example, RAPD analysis of X. hortorum pv. pelargonii, X. fragariae, E. amylovora, and Xylella fastidiosa populations revealed limited genetic variability (107, 110, 122, 130, 132) . In contrast, the population of strains able to cause bacterial spot of tomato has been found to be comprised of genetically very different organisms that have completely different rep-PCR genomic fingerprints (95). In fact, the two predominant groups are different species classified as X. axonopodis pv. vesicatoria (Xav; T1 and T3 strains; Group A) and X. vesicatoria (Xv; T2 strains; Group B; 95) (72, 178) . These two species incite virtually the same disease, but their biochemical characteristics and virulence levels differ substantially, and genetic resistance developed against Xav is not effective against Xv (72) . Rep-PCR genomic fingerprinting was used to map the genetic diversity of Xav strains isolated in the Caribbean and Central America (16) . In many countries or islands, Xav was found to be the predominant group and Xv was absent. Island-specific lineages were also found, which suggests that migration events were rare. The absence of Xv strains and evidence that migration may be of limited importance provide an informed basis to deploy host resistance to Xav strains with confidence.
Deployment of rice varieties has been subject to boom-and-bust cycles and effective resistance to the bacterial blight pathogen, X. oryzae pv. oryzae, is often short lived, owing to a shift in the pathogen population toward virulent races. The population of X.o. pv. oryzae is comprised of genomic lineages that can be readily discerned based on rep-PCR genomic fingerprint polymorphisms (44, 179a). Rep-PCR genomic fingerprinting analysis combined with pathotype analysis provided improved insight about genetic diversity at a microgeographic scale (one farmer's field) and among countries (44, 179a), again confirming the utility of genomic fingerprinting as an effective tool to better understand the dynamics and evolution of bacterial populations.
ERIC-PCR genomic fingerprinting has discerned host-adapted clusters of strains within the heterologous Pseudomonas syringae pv. syringae group (91). RAPD ? and AFLP analyses generated 27 unique patterns among 30 closely related pseudomonads (25) . AFLP was effective in discerning genetic diversity within and among pathovars of X. translucens and supported conclusions that pathovars cerealis, translucens, and undulosa are true biological entities (17) .
DETECTION AND DIAGNOSIS
Although genomic fingerprinting is starting to have an impact, most published work in phytobacteriology, based on PCR approaches, involves the design of specific primers that aid in pathogen detection or plant disease diagnosis ( Table 1) . The detection protocols typically target bacteria for which the primary disease management strategy is avoidance. Seed, seed pieces, or plant movement may be subject to regulated zero tolerance (e.g. bacterial ring rot of potatoes) or desired zero tolerance (e.g. tomato bacterial spot, speck, and canker) to reduce disease risk and prevent the spread of inoculum. Detection generally requires the use of specific primers combined with high-sensitivity protocols. For example, 1 seed in 10,000 contaminated with a bacterial pathogen is sufficient to cause substantial economic losses in tomato and bean production (48, 167). Likewise, latent infections in host tissue (e.g. sugarcane and potato) can result in widespread distribution of the pathogen and large economic losses.
Multiple strategies have been developed to design primers for the specific detection of phytobacteria and for disease diagnosis. Primer design routinely requires knowledge of the target DNA sequences. Arguments have been made that the desired level of specificity is best achieved with primers targeted to pathogenicity genes.
Use of Genomic Fingerprints to Identify Pathogens
Whereas DNA homology experiments and 16S rDNA sequence analysis have proven to be highly effective for classification of microorganisms, they are not useful for the general practitioner who needs to identify unknown bacteria at a finer phylogenetic or taxonomic level. Palleroni (124) highlighted the need "for a rapid genotyping approach to bridge the gap between the solid systematics of type strains and the everyday need for comparison of new isolates and old reference strains." A diversity map constructed from PCR-based genomic fingerprint patterns, complemented with computer-assisted pattern analysis (as discussed above), may bridge such a gap. For example, in the case of xanthomonads, it is impractical to conduct DNA-DNA hybridization experiments as an identification strategy. Likewise, numerical analysis of 295 phenotypic features could not reliably differentiate 1 pathovar from the others among 100 different Xanthomonas pathovars (175) . In contrast, each host-adapted pathovar appears to be comprised of one or more distinctive rep-PCR genomic fingerprints (94), and diversity can be discerned to the strain level (94, 136), which facilitates specific identification. To facilitate genomic fingerprinting-based phytobacteria identification and plant disease diagnosis, we have constructed a library database with genomic fingerprint profiles of over 600 xanthomonad strains (JLW Rademaker, FJ Louws, FJ de Bruijn, unpublished data). The efficacy of this database became apparent in several instances. During a survey of the genetic diversity of Xanthomonas strains isolated from tomato and pepper in the Caribbean and Central America (16), atypical strains were isolated from tomato plants in Costa Rica. When analyzed by rep-PCR genomic fingerprinting and subjected to database comparison, these atypical strains could be quickly mapped into a phylogenetic framework and were found to have genomic fingerprint patterns nearly identical to the type strain for X. gardneri, an organism that has not been reported since it was first isolated in Yugoslavia in 1957. Characterization of such novel strains would have been time-consuming and ?
would have required the use of pathogenicity assays, other phenotypic approaches, or DNA-DNA hybridization experiments. In a second example, a first report of asparagus bacterial infection by a Xanthomonas strain (120) could have led to the naming of yet another pathovar. However, rep-PCR genomic fingerprint analysis and database comparison of genomic fingerprints yielded the surprising result that the strains were highly similar to strains of the X. translucens pv. undulosa group (sensu Reference 17) (JLW Rademaker, DJ Norman, RL Forster, FJ de Bruijn, unpublished data).
Use of Specific Genes and DNA Sequences to Detect and Identify Pathogens
Pathogenicity Genes as Targets The utility of PCR protocols that employ specific primers that target known pathogenicity genes is highlighted in many papers (Table 1) (28, 36, 46, 86, 117, 133, 162, 174, 180) . For example, Agrobacterium strains appear to be a complex of chromosomal genotypes able to incite disease based on the presence of a tumor-inducing (Ti; A. tumefaciens) or a root-inducing (Ri; A. rhizogenes) plasmid. All pathogenic strains have virulence (vir) genes that mediate transfer of DNA from the bacterium to the host. Detailed understanding of pathogenicity mechanisms has led to the design of numerous DNA primer sets that target genes associated with pathogenicity (Table 1) (34, 37, 49, 146, 154) . Haas et al (49) used primers to the highly conserved endonuclease-encoding portion of the virD2 gene for specific detection of pathogenic Agrobacterium strains. Primers were also designed to amplify a segment of the ipt oncogene, associated with gall-inducing symptoms, to differentiate tumor-inducing from non-tumorinducing strains. Amplification of both genes in a single reaction mixture enabled both questions to be addressed simultaneously.
Darrasse et al (28) designed primers to amplify a 434-bp fragment of a pectate lyase encoding gene (pel gene) associated with soft-rot diseases caused by E. carotovora strains. The primers could specifically identify all pectolytic subspecies, including atroseptica, carotovora, odorifera, and wasabiae, but not betavasculorum or other Erwinia species. van der Wolf (174) used primers to the pectate lyase (pel)-genes (117) to identify E. chrysanthemi strains. A diagnostic 420-bp PCR fragment was generated from pure cultures that were selected based on the immunofluorescence colony-staining (IFC) assay.
The amplification of a segment of the necrotizing (nec1) gene has proven to be a reliable indicator of pathogenicity in Streptomyces scabies, S. acidiscabies, and S. turgidiscabies (19, 20) . The specific detection of pathogenic forms of Streptomyces, combined with rapid DNA extraction protocols from bulk soil, has been a very useful tool to understand the population dynamics of this important pathogen, which is associated with substantial potato crop losses (G Lazarovitz, unpublished information).
Several primers have been developed to amplify gene segments associated with virulence factors, such as the ethylene-forming enzyme gene efe (145), cyclic ? lipodepsinonapeptide biosynthesis genes [syrB and syrD (161)], and coronatine biosynthesis genes (11). Although the primers are often not specifically designed for detection and identification, they may be useful for such purposes. Coronatine-producing genes, harbored on a large transmissible plasmid (90-110 kb), have been detected, but some strains within coronatine-producing populations lack the coronatine gene cluster and therefore would remain undetectable, even though they are still pathogenic (11). Takahashi et al (168) designed primers for specific and sensitive detection of pCOR1 plasmid gene segments associated with coronatine production and pathogenicity of P.s. pv. atropurpurea, causal agent of halo blight of Italian ryegrass. The resulting PCR assay enabled sensitive detection of 0.1 to 1.0 CFU from serially diluted pure cultures, as well as direct detection of bacteria in plant tissue.
Finally, the specific detection of virulent races based on the differential presence of avirulent genes provides an approach to rapidly identify certain races within a population. For example, the avrBS2 gene can be specifically detected in a population of X.a. pv. vesicatoria strains (77), although mutations within the avirulence gene limit conclusions concerning the race of the pathogen (74, 77) .
Advances in bacterial genomics will surely provide opportunities to develop more primers that target known pathogenicity and virulence genes. Bacteria have a history of circumventing, for example, serology and phage-based detection or identification protocols, but advances in our understanding of conserved DNA domains essential for pathogenicity or fitness should enhance our chances to develop reliable PCR-based approaches.
Anonymous DNA as Amplification Target Anonymous DNA sequences have also been used to design specific PCR primers. Often, a unique DNA fragment of a particular species can be identified. The DNA sequence of such fragments can be determined and used to design specific and sensitive PCR-based detection and disease diagnosis protocols. Sources of such anonymous DNA include cloned RAPD fragments (3, 107, 131, 132), cloned rep-PCR fragments (166) , subtractive hybridization fragments (27, 113, 155) , insertion elements (44, 80, 144, 190) , and anonymous probes (30, 137, 173) . However, such target sequences may not be ideal for reliable long-term detection, because little is known about the variability or stability of the anonymous target sequences.
Plasmid DNA as Target Plasmid DNA has served as template for PCR diagnosis of several pathogens (5, 12, 36, 40, 52, 53, 180). Of course, plasmid encoded genes could also be associated with pathogenicity or function as an anonymous DNA target. A concern may be the stability of the plasmid, unless the plasmid genes encode essential fitness or pathogenicity traits. In several cases, specific primers targeted to plasmid DNA have not been found to be universally useful to detect all virulent strains of the group of pathogens in question. The common blight Xanthomonas pathogens of bean, for example, are not universally detected with the X4c and X4e primers (171) (151) . In contrast, a plasmid-derived C.m. sepedonicus specific primer set detected all tested C.m. sepedonicus strains, including one strain supposedly without a plasmid (137) that was not detected using other primers (151) .
A PstI fragment from a plasmid named pEA29 was partially sequenced and primers were developed for specific and sensitive detection of Erwinia amylovora (12). The plasmid is thought to be associated with fitness and therefore to be maintained stably in natural populations of E. amylovora. All strains of E. amylovora tested carry this target DNA (12, 199) . However, restriction enzyme patterns vary according to the number of tandem repeats within the amplified fragment and therefore digestion patterns are not stable markers for strain identification (150) . Saprophytic bacteria associated with rosaceous plants also yield a PCR-amplified fragment of similar size with the pEA29 primers, but these false positives can be avoided by reduced primer annealing or extension times, or by restriction enzyme digestion of the PCR products (199) . Plasmid-derived specific primers have also been developed to detect X.a. pv. citri (pathotype A) strains that cause the (federally regulated) citrus canker disease (52, 53). This primer pair (4/7) appears to be consistently reliable, even when analyzing variant strains (J Hartung, personal communication; 181).
Finally, Verdier et al (180) designed primers to amplify a plasmid fragment associated with pathogenicity of X.a. pv. manihotis on cassava, although the gene and its product have not been characterized. This pathogen has been distributed worldwide on infected plant material or contaminated seed and is subject to international phytosanitary quarantine rules. A specific 898-bp PCR fragment could be generated from 107 pathogenic strains, representing the known genetic variability of the pathogen based on RFLP analysis, but no amplification products were found in five nonpathogenic strains of X.a. pv. manihotis or in several closely related xanthomonads or cassava-associated saprophytes.
Therefore, plasmid DNA can function as a reliable target for pathogen detection and identification of pathogens associated with disease. However, similar to pathogenicity genes, the long-term reliability of plasmid-based detection protocols would benefit from an understanding of the nature and persistence of the target plasmid DNA. DNA ( Figure 5 ). Individuals may contain 1 (mycoplasma) to 14 (Clostridium) rRNA operons, which are not necessarily all homologous. Primers to conserved DNA regions (often referred to as universal primers) (33, 149, 191) have been used to amplify ribosomal gene fragments from a broad range of phylogenetically diverse bacteria. To design primers for specific applications, data about rDNA sequences can be obtained through the Ribosomal Database Project [RDP-II; (104); http://www.cme.msu.edu/RDP/] and by amplification of rDNA products, followed by sequencing and subsequent selection of pathogen-specific primer sequences.
Genus-specific rDNA sequences among phytobacteria are well documented (32), and primers have been developed for pseudomonads, xanthomonads, and most notably for phytoplasmas (e.g. Primer sets 1 and 2 or 3 and 4; Figure 5 ). Protocols for phytoplasma detection and identification have recently been reviewed (82) and are not covered in detail here. Widmer et al (194) used a highly selective set of PCR primers to generate Pseudomonas (sensu stricto)16S rRNA gene ? fragments. These PCR primers proved effective to generate targeted sequences from purified bulk soil DNA. Maes (100) deduced a primer set able to amplify a 480-bp fragment specific to the genus Xanthomonas, by combining a universal 16S rDNA primer with a reverse primer specific to xanthomonads permitting the detection of Xanthomonas DNA in wheat seed extracts. Moreover, Seal et al (157) designed primers that enable PCR amplification of a 287-288-bp 16S rRNA gene fragment from as few as 1 to 10 CFUs of Ralstonia solanacearum, R. syzgii, or the blood disease bacterium (BLDB). This primer set was found to be useful to detect and identify known races and biovars of R. solanacearum, but revealed a cross-reaction with other bacteria associated with potato (198) . Wullings et al (198) concluded that there was insufficient sequence variation in the Ralstonia group 16S rDNA and developed probes based on variations in the 23S rDNA for fluorescent in situ hybridization use (FISH). These probes cross-hybridized to R. syzygii and BLDB isolates, but not to other Ralstonia or potato-associated strains.
PCR primers specific to the 23S rRNA gene (e.g. primer set 3 and 4; Figure 5 ) of E. amylovora have also been designed and found to generate amplification products from Escherichia coli, but not from saprophytic plant-associated bacteria, and have proved effective for detection of E. amylovora strains in asymptomatic tissues (101). Takeuchi et al (169) sequenced the entire spacer region between the 16S and 23S rRNA genes of six Burkholdaria species and two other related bacterial species, to devise specific primers within the ITS region to detect B. plantarii and B. glumae associated with seedling diseases of rice. Lastly, a ligase chain reaction (LCR) assay exploited single base-pair variation within the 16S rRNA gene to specifically detect and identify Pantoea (Erwinia) stewartii, the causal organism of Stewart's bacterial wilt (197) .
The rRNA genes have functioned as targets for highly sensitive detection of target DNA, but the level of discriminatory power lies at the species or genus levels. The universal nature of many such PCR primers (Table 1) makes them highly adaptable for devising other PCR-based strategies ( Figure 5 ) that may offer more specificity such as ITS-PCR, ARDRA, and associated techniques outlined below.
ITS-PCR ITS-PCR analysis employs conserved primers to the 16S and 23S
ribosomal genes to amplify the internally transcribed spacer (ITS) region (e.g. set 5 and 6; Figure 5 ). The ITS regions between the 16S and rRNA 23S genes may include several tRNA genes and noncoding regions (149) and appear to be under less selection pressure and therefore more variable than the 16S and 23S rRNA genes themselves. When a universal primer set is used [e.g. G1/L1; 71], ITS-based identification of bacteria can be based on the number and length of the PCR-amplified products (71, 121) . The occurrence of more than one band generated from a single bacterial isolate can be the result of variable lengths within different rDNA operons. Indeed, the variation among operons within a multirDNA-operon genome may be as great as the variation between closely related strains (116). Therefore, some caution is suggested when employing ITS analysis to differentiate or identify closely related bacterial strains. Enhanced specificity can be achieved by restriction enzyme analysis (REA) of the PCR-amplified ITS ? products (a form of ARDRA; Figure 5 ) or DNA sequence analysis of the ITS amplicons (147) .
Kim & Song (76) identified seven different rice seed-associated pathogens of the genus Pseudomonas, Xanthomonas, or Erwinia, based solely on size polymorphisms of the primary and secondary ITS-PCR products generated by universal primers to the 16S (R16-1) and 23S (R23-2R) rRNA genes. Alternatively, specific primers have been designed to anneal internal to the ITS region (e.g. primer set 8 and 7; Figure 5) . A generalized approach to such experiments is to first use universal primers to the 16S and 23S rRNA genes to amplify the ITS region of the pathogen and of carefully selected closely related bacterial strains, followed by the design of specific PCR primers based on comparative analysis of the DNA sequence data, and the presence of nonhomologous segments (39, 90, 102, 126). For example, Li & De Boer (90) determined the DNA sequence of the spacer region between the 16S and 23S rRNA genes for five different Clavibacter subspecies. A single pair of primers was deduced and a PCR protocol was developed that provided C.m. sepedonicus-specific amplification of a 215-bp ITS fragment. The PCR assay proved more sensitive than standard ELISA or immunofluorescence tests for the detection of pathogens in naturally infected potato tissues (90).
The DNA of numerous X. translucens pathovars yielded a unique 139-bp fragment with a pair of PCR primers that annealed to sequences internal to the ITS region (102). The primers were designed based on comparative sequence analysis of the 16S-23S spacer region of four selected xanthomonads, and were found to be specific and effective to detect cereal leaf streak pathogens in seed (102). A similar approach was adapted to detect C. xyli subsp. xyli in sugarcane tissue and to differentiate it from the closely related C.x. subsp. cynodontis (39, 126). Finally, after DNA sequence analysis of the 16S-23S ITS region of both organisms, specific primers were designed to detect the pathogen in sugarcane vascular sap, and Fegan et al (39) went one step further to develop a multiplex PCR assay to enhance the confidence level during C.x. subsp. xyli detection experiments.
ARDRA Amplified ribosomal DNA restriction analysis (ARDRA) exploits the use of universal primers (e.g. primer sets 1 and 2; Figure 5 ) to amplify bacterial rDNA sequences, followed by digestion with frequently cutting restriction endonucleases (REA) to determine diversity and to identify/classify bacterial isolates to the genus and sometimes species level ( Figure 5) (10, 105, 119, 129, 177, 186) . The resulting fragments are separated on gels and subjected to computer-assisted pattern analysis (186) . Standardized protocols to generate and analyze ARDRA profiles have been described (58, 108, 186). Useful frequently cutting enzymes can be selected with the help of the RDP database and software (http://microbiology.utmem. edu/mrc/Courses/ComputerAnalysis/ComputerAnalysis.htm). ARDRA analysis can identify strains at the genus/species level and is very useful for phylogenetic and taxonomic studies. ARDRA is also more rapid than 16S rDNA sequencing (58, 119), especially when modified by using automated product analysis with fluorescently labeled fragments (134) .
?
16S rDNA fragment patterns generated by ARDRA can be linearly combined with rep-PCR-derived genomic fingerprint patterns and analyzed together, resulting in the extension of resolution to the subspecies/strain level (186) . Similarly, fragment pattern data derived from the 16S rDNA region, ITS region (see above), or any other banding pattern (generated, for example, by digestion of the amplified products of any other gene of interest, such as virulence genes) can be linearly combined and analyzed simultaneously by computer-assisted pattern analysis programs (e.g. GelCompar/BioNumerics; 139, 186).
A variant of ARDRA, Terminal Restriction Fragment Length Polymorphism analysis (T-RFLP; Figure 5 ), exploits the observation that the length of the terminal restriction fragment of the amplified 16S rRNA gene is specific to different phylogenetic groups ( Figure 5 ). The 5 primer is labeled with a fluorescent dye and after restriction digestion of amplified 16S fragments, the labeled terminal fragment can be specifically detected and its size determined ± a few bases by using semiautomated electrophoresis and detection protocols (92, 111). A prototype database of RDP patterns is under development and could be very useful to directly identify phytopathogenic or other plant-associated bacteria.
ARDRA analysis has been used extensively to classify and identify nonculturable phytoplasmas [ (83, 152; for review see (82) ]. The 16S rDNA sequence provides the backbone for classification, but use of primers universal for (and limited to) phytoplasma enables direct amplification of target DNA from plant tissue samples. Subsequent restriction analysis has permited the identification of 14 "type" groups and 38 subgroups (82) .
A primer set, fD2 and rP1, with conserved sequence for most eubacteria (33), has been used to generate a 1.5-kb 16S rDNA fragment of Erwinia amylovora which, when digested with HaeIII, generated a diagnostic RFLP pattern (10). A nested 16S rDNA-PCR approach has been found to be useful to specifically identify strains of C. michiganensis and to differentiate the various subspecies after REA (81) . Use of the nested PCR protocol also enhanced sensitivity in detecting C.m. sepedonicus in field-collected potato tubers. ARDRA analysis was also able to differentiate Agrobacterium biovars 1, 2 and 3, but not A. radiobacter (biovar 1) from A. rubi nor different strains within a given species (121). In contrast, ITS-PCR, complemented with REA, was able to differentiate all Agrobacterium species/biovars and revealed differences among strains within a species (121).
The principle of enhanced specificity using REA is generally applicable for any amplified product and generically may be referred to as PCR-RFPL. Several applications underscore the utility of this approach (81, 137) . Restriction endonucleases with 4-base recognition sites are preferred and can be selected based on the known sequence of the target DNA or by trial and error.
16S rDNA PCR Amplification and DNA Sequence Analysis Several emerging technologies enhance the speed and cost-effectiveness of determining the 16S rDNA sequence for bacterial identification and phylogenetic analysis ( Figure 5 ). The 16S rDNA from culturable or nonculturable, unknown bacteria associated ? with plant disease can be amplified by PCR and portions thereof subjected to DNA sequence analysis. Internet-accessible software enables computer-assisted comparative analysis of the DNA sequences generated with those of over 6200 strains currently in the RDP database. Database comparison may provide presumptive identification or, at the minimum, place the unknown within a phylogenetic framework. In the latter case, knowledge of the "nearest relatives" can be used to make predictions about the biology and ecology of the unknown pathogen and may provide some useful insights into disease risk. As the RDP database expands, rRNA gene sequence analysis will become increasingly more effective to identify novel or unknown pathogens and other plant-associated microorganisms, not amendable to routine laboratory identification protocols. For example, a yellow vine disease (YVD) of unknown etiology in cucurbits was recently observed in Texas and Oklahoma and found to be associated with a bacterium-like organism, based on microscopic analysis of phloem-infected tissue (18) . Pathogen isolation attempts, serology protocols, transmission tests, and DNA-DNA hybridization experiments failed to ascertain the identity of the causal agent (18) . PCR amplification of 16S rDNA, complemented with DNA sequence analysis, however, provided a phylogenetic framework to identify the causal agent as a proteobacterium (6). Specific primers were subsequently designed to amplify diagnostic fragments from the 16S rDNA for efficient diagnosis of YVD-symptomatic plants (6).
tDNA-PCR
The tDNA-PCR procedure exploits the conserved nature of transfer RNA genes (tRNA) (193) that are frequently located in the ITS region between the 16S and 23S rRNA genes, or distal to the 5S rRNA gene of bacteria ( Figure 5 ) (149) . Outwardly directed primers are designed to anneal to tRNA sequences and to amplify the region between two adjacent annealing sites, resulting in fingerprints of different-sized products that are genus-or species-specific. Universal primer(s) amplify DNA from bacteria, plants, and mammals, including nuclear and organelle tRNA genes (193) , and, therefore, cannot be used for detection protocols, but rather for direct identification of cultured pathogenic bacteria in disease diagnosis. For example, the tRNA consensus primers have been used to characterize a large collection of strains of Ralstonia solanacearum, and generated up to 3 products per genome, ranging in size from ∼100 to ∼450-bp (156) . Three patterns were observed that correspond to known divisions within this species. However, two other closely related species, R. syzgii and the blood disease bacterium (BDB), could not be differentiated from strains of R. solanacearum by tRNA-PCR. Honeycutt & McClelland (61) designed a specific primer (Ala4), derived from the 16S-23S ITS region, and a nonspecific primer (Ile2), to amplify a 70-bp sequence specific for X. albilineans. Pan et al (125) combined the tRNA primer Ala4 with the ITS universal primer L1 (71) to amplify a diagnostic 360-bp fragment from X. albilineans, with a detection limit of less than 1 to 5 CFU from infected sugarcane tissue.
?
Polymorphic tDNA-PCR bands that provide resolution at the desired taxonomic level can be cloned from the gel and their DNA sequence determined. Subsequently, primer pairs can be synthesized to amplify the regions located between particular pairs of tRNAs under high stringency conditions, to provide species-or possibly strain-specific profiles (60, 62).
INNOVATIVE PROTOCOLS Specific Primers to Detect More than One Pathogen
Detection of Genetically Distinct Pathogens that Cause Similar Disease Symptoms In several instances, genetically distinct pathogens cause indistinguishable disease symptoms and therefore need to be detected separately and with equal sensitivity (e.g. in seed lots). In such cases, specific primers and protocols are needed for each genotype. A recently developed innovative approach circumvents the need for duplicate detection protocols, as, for example, in the common blight pathogens of bean and bacterial spot pathogens of tomato. For bean pathogens, primers able to both detect X.a. pv. phaseoli and pv. phaseoli var fuscans (5) have been developed, although these two pathogens only have have 64% DNA-DNA homology (178) . X.a. pv. phaseoli var fuscans-specific primers have also been developed (171) and were combined with those of Audry et al (5) to amplify products from both common blight organisms and simultaneously differentiate the two bacteria. Kuflu & Cuppels (78) have obtained a specific probe by subtractive DNA hybridization that could detect DNA of X.a. pv. vesicatoria and X. vesicatoria, even though these pathogens belong to different species (72, 178) . Potentially, primers derived from the probe could be designed for PCR-based simultaneous detection of both organisms (D Cuppels, personal communication).
Specific Primers to Detect Multiple Pathogens that Cause Different Disease Symptoms
In other instances, bacterial strains that cause distinguishable diseases of economic concern must be detected in seed or host plant material. For example, the Xanthomonas common blight pathogens and P. syringae pv. phaseolicola (halo blight) can both be bean seed contaminants. Multiplex PCR protocols have been devised for the simultaneous detection of both pathogens (4). Moreover, Smid et al (160), studying soft-rot potato pathogens, employed a single forward primer combined with a reverse primer specific for E.c. subsp. atroseptica and a second reverse primer specific for E. chrysanthemi to simultaneously generate E.c. subsp. atroseptica and E. chrysanthemi bands distinguishable by size. A similar strategy was adopted to detect/differentiate C.x. subsp. xyli and C.x. subsp. cynodontis (39), using a single ITS forward primer combined with differential reverse primers. Moreover, Levesque (88) has proposed the feasibility of diagnostic kits or microfabrication technology able to simultaneously detect an array of pathogens associated with a given plant host.
?
In this regard, microarray microchip or biochip technology can be used to test for the presence of a wide variety of (pathogenic) organisms at once. One approach, now being proposed to test drinking water, involves the use of the DNA chip technology developed by Affymetrix (Santa Clara, CA). Multiple diagnostic oligonucleotides, corresponding to known genes, rDNA, or other sequences of particular organisms, are synthesized directly onto a glass matrix and hybridized with fluorescently labeled DNA (or RNA) probes isolated or amplified from environmental samples. The hybridization signals are read by a fluorescence reader and analyzed with appropriate software (164) . A similar approach could be used to screen hundreds to thousands of plant pathogenic bacteria at one time.
Specific Primers to Detect Related Pathogens on Multiple Hosts
Primer sets able to amplify targeted gene fragments from collections of related pathogens can also be a viable strategy to detect pathogens and for disease diagnosis. For example, Leite et al (86) have designed primers that amplify hrp gene fragments from many xanthomonads, excluding the X. translucens group. Such an assay would be useful for disease diagnosis and pathogen detection of many related xanthomonads on seed or plant material. A positive result would indicate the presence of a Xanthomonas strain(s) and in many cases the species or pathovar could subsequently be deduced based on the host with which it was associated. Alternatively, identification of the pathovar could be accomplished by restriction analysis of the amplified hrpDNA product (84) (85) (86) . Perhaps primer sets that amplify pathogenicity gene fragments could be augmented with primers that generate a genomic fingerprint in multiplex PCR. For example, primers to the hrp gene cluster labeled with one fluorophore (e.g. blue) could be combined with rep-PCR primers labeled with a second fluorophore of a different color (e.g. yellow). The presence of a "blue" amplified hrp gene product would indicate that a Xanthomonas pathogen is involved and the "yellow" genomic fingerprint would facilitate pathovar/strain identification. We have developed such a protocol to monitor the presence or absence of rhizopine catabolism genes [moc genes (142) ] in different genomic backgrounds of Sinorhizobium (Figure 6 ) (FJ Louws, U Rossbach, S Rossbach, FJ de Bruijn, unpublished data). Two rhizopine catabolism gene fragments of different sizes were specifically amplified by FAM-labeled (blue-fluorescence) moc genespecific primers, and BOX-PCR genomic fingerprints were generated from the same template DNA sample with TAMRA-labeled primers (yellow-fluorescence). Resolution and laser detection of amplified fragments using an ABI 373 DNA sequenator coupled to the GeneScan software (PE Applied Biosystems) provided color gel images containing two blue-colored gene fragments and multiple yellow BOX-PCR fragments in a single lane (along with red fragments used as an internal standard) (Figure 6 ). Therefore, three independent tests could be conducted in one sample preparation: for the presence or absence of the mocA gene and mocC gene, resolved as blue bands and differentiated based on size; and for Sinorhizobium strain identity based on the yellow-colored genomic fingerprint pattern generated. 
?
In many cases, specific primers may not be needed for each pathosystem. It may be sufficient to develop primers to genes such as the hrp genes and rely on the known biology or ecology of the pathogen to reach specific conclusions about pathogen identity. Alternatively, multiplex assays could be developed to simultaneously determine the presence of a pathogenicity gene and the identity of the chromosomal background within which that gene resides, as outlined above.
PRACTICAL CONSIDERATIONS
Due to the nature of PCR-based protocols, specific issues arise because of the high level of sensitivity (1 CFU or even less per reaction) and amplification of millions of copies of the target sequence. A few molecules of PCR-generated fragments can contaminate samples of subsequent PCR runs and result in false positives. On the other hand, a low copy number of initial target DNA sequences makes the first amplification cycles critical, e.g. PCR inhibition can result in false negatives. Therefore, sample preparation is critical, and target DNA in the sample should be made as available as possible for amplification. Moreover, amplification can occur from free DNA, nonviable or nonculturable cells. In general, such issues become critical when detection methods are devised and less critical for identification methods, because the latter often employ cultured isolates and a large sample of DNA is available. These practical points must be considered when PCR-based detection and identification methods are adapted. Some procedures or technical solutions can facilitate the adoption of the methods and are described or referred to below.
False Positives False positives can result from cross-amplification of nontarget DNA, exogenous DNA from cells/cultures or aerosols, or from contaminating DNA originating from carry-over of previous experiments. This is a particularly important issue when specific fragments are amplified or nested-PCR is employed and less of a problem with genomic fingerprinting protocols. Genomic fingerprinting protocols like rep-PCR, AFLP and AP-PCR/RAPDs always yield a fingerprint, and a negative control sample in each experiment is therefore essential to check if contamination has occurred. Recommendations to avoid DNA contamination have been detailed (22, 79) and are not discussed here.
Multiple, complementary, or confirmatory assays can be used because two (preferably independent) tests are more reliable then one. Numerous commercial laboratories include selective isolation of the pathogen in combination with pathogenicity assays (i.e. BIO-PCR described below), which may indicate that they are uncomfortable relying on PCR protocols only. Alternatively, complementary DNA-based assays such as the use of multiplex-PCR or employing a hierarchy of molecular assays can be adopted. Multiple amplification of specific products protects against false positives. For example, Pooler et al (132) designed three primer sets based on cloned RAPD fragments for the specific detection of X. fragariae.
?
Mills et al (113) employed subtractive hybridization to obtain three single-copy DNA probes that mapped to dispersed chromosomal regions, and concluded that their multiplex PCR assay was very specific and highly sensitive for detecting C.m. sepedonicus strains (113). Follow-up work enhanced sensitivity of the assay with PCR-ELISA (112). Bereswill et al (10) adopted a hierarchical approach and employed primer sets specific for plasmid DNA, chromosomal DNA, 16S rDNA, and, in addition, used AP-PCR to assure positive identification of E. amylovora. The possibility of misidentification based on genomic fingerprint patterns, using protocols such as rep-PCR, can be minimized by combining them with methods such as ARDRA, as discussed above (186) .
False Negatives False negatives can arise for many reasons, including the presence of compounds derived from extracted substrates that inhibit Taq polymerase (PCR reaction), degradation of the DNA target sequence, or reagent problems. A false negative could have a major impact in quarantine settings or result in a lawsuit for a seed company. A positive control as an extra sample, containing the same PCR reaction master mix and target DNA of a known bacterium, should be included in each experiment to determine if the expected DNA fragment or genomic fingerprint is generated.
Genomic fingerprinting protocols like rep-PCR, AFLP, and AP-PCR/RAPDS always yield a fingerprint, and a positive control sample in each experiment is therefore useful to check the quality of the fingerprints. Alternatively, the presence of an amplified internal standard in each sample can protect against false negatives. For example, Hu et al (63) included Arabidopsis genomic DNA to generate a product of different size as an internal positive control using the same C. m. sepedonicus-derived primers than a band amplified from C. m. sepedonicus DNA. The ratio of the specific C.m. sepedonicus product compared with the Arabidopsis product amplified was found to be proportional to the initial C.m. sepedonicus DNA concentration and, therefore, was quantitive (63). Honeycutt et al (62) synthesized an internal control of 127 bp that could be amplified by the same primer pair that specifically amplified a 70-bp fragment diagnostic for X. albilineans. A calibration curve was prepared by coamplifying serial dilutions of known amounts of X. albilinenas DNA and a set amount of the internal control in the presence of host genomic DNA. The ratio of the products amplified was used to determine the amount of pathogen DNA present in infected sugarcane tissue. The advantage of this approach is that the internal standard with the desired properties could be economically synthesized. Moreover, the PCR amplification reaction could be conducted in less than 1 hour because only such short DNA fragments needed to be amplified.
Insufficient and Excess Sensitivity for Pathogen Detection
Sensitivity can be enhanced by nested PCR (53, 80, 109, 141, 148) , detecting amplified products with a probe (109, 160), immuno-capture PCR (53, 73, 173) , and targeting multicopy genes compared with single-copy genes. Sensitivity and speed can be enhanced by ?
immuno-enzymatic detection of amplified products (PCR-ELISA), circumventing the need for electrophoresis, image capture, and other associated steps (128) . With such enhancements, PCR protocols can detect 1 CFU per reaction sample. Such protocols could, however, become too sensitive and result in decisions to reject seed or plant material where economic risk would not be likely to occur. This is a particular concern when, for example, a hand-pollinated hybrid tomato seed lot or a ship-load of potatoes involves a substantial financial investment. Detection technologies may need to be complemented progressively with studies that correlate pathogen populations with disease risk. For example, a level of 10 −2 to 10 −4 CFU of Erwinia carotovora subsp. atroseptica per potato tuber is the threshold amount of inoculum able to incite blackleg problems under most field conditions (8). In such cases, zero tolerance is not required but there is the challenge to devise proper detection thresholds. (101) found that a PVP/PVPP combination proved best for optimum amplification. Circumventing inhibitor problems has been reviewed (196) . Amplification success can also depend on the growth stage, physiological condition or type of tissue assayed (101). Maes (101), in using specific primers for E. amylovora, found that the phenological state and physiological condition of the plant more significantly affected the PCR reaction than the cultivar or crop species.
PCR Reaction Inhibitors
Immunocapture and immunomagnetic separation (IMS) relies on the use of antibodies to concentrate target cells and separate those cells from inhibitors, which enhances sensitivity and specificity (53, 73, 173) . After immunocapture of X.a. citri cells, the plasmid-based PCR primers provide a detection sensitivity of less than 1 CFU per PCR assay (53). A similar approach was adopted to detect E.c. subsp. atroseptica in potato tissue, and polyclonal antibodies were found to be more effective than monoclonal antibodies (173) . Unfortunately, antibodies are only available for one serogroup (which represents greater than 90% of all isolates obtained) of this pathogen. Moreover, nondestructive methods are preferable.
Therefore, when new PCR methods are developed for pathogen detection or disease diagnosis, pilot experiments may need to be carried out to ensure that inhibitory compounds are excluded from the samples. Such approaches can include ? physical preparation protocols, inclusion of extraction compounds, or concentration and removal of target cells or template DNA.
The Sample Size For many seed lots there is the challenge of what could be termed "The One in Ten Thousand Problem." Most sampling protocols cannot detect an infestation/infection threshold of 1 seed in 10,000, yet this threshold can pose an economic risk, for example, in the case of tomato and bean crops (48, 167) . A similar issue applies to vegetatively propagated products, such as potatoes, sugarcane, and strawberries. The persistence of latent infections and the multicyclic nature of disease spread (e.g. for bacterial angular leaf spot of strawberry) result in high risk of disease, even with low inoculum levels. Also, a large initial sample size needs to be consolidated to a 50 µl sample size endpoint! Future research will need to emphasize sampling methods. Techniques such as BIO-PCR, immunocapture, and other methods, may help to address this issue as well.
Detecting Nonviable Cells PCR is a proxy measurement (59), "an indirect indicator of cell presence," which raises the criticism that DNA from dead cells (i.e. no disease risk) may be amplified and result in false positives. The very nature of PCR introduces the problem of differentiating between dead, viable but not culturable (VBNC), and culturable cells. BIO-PCR was devised to circumvent this problem (148) . Samples are first plated on selective media to propagate viable cells and then subject to PCR analysis. This process has proven successful for detecting and identifying CFUs in seed washes (148) , soil samples (68), and plant tissues (66, 106, 144). Hyman et al (66) found that the selective media could be contributing to PCR reaction inhibition and introduced a dilution and wash step of colonies collected from the selective media before PCR. BIO-PCR is applicable for culturable and fast-growing bacteria but will not detect VBNC cells. VBNC cells are well documented in environmental samples (143, 172) and constitute a poorly understood biological phenomenon (75) . In fact, risk of plant disease caused by VBNC cells is not well documented in the field of plant pathology.
The Challenge of Bringing New PCR-Based Technique into the Laboratory
Despite the widespread availability of primers, PCR protocols, and expertise, PCR-based assays have not yet become a routine component of many diagnostic and industrial laboratories. Several factors contribute to this lack of adoption. First, in many cases of disease diagnosis, exact identification of the pathogen is not essential. For example, in the Plant Disease and Diagnostic Clinic at North Carolina State University, over 8000 samples are processed per year. For most samples submitted the disease can be named with reasonable confidence, based on careful observations of associated symptoms and signs, without specific molecular identification of the pathogen. PCR-based protocols have, however, proven useful to identify uncommon bacteria, in circumstances that may involve litigation, or where substantial financial risks may exist and disease management practices can ? be implemented. Despite limited adoption to date, we envision laboratories that analyze many diverse samples will progressively adopt PCR protocols to augment current practices.
A second limitation to adoption is confidence level in the protocol. Few research programs have carried out an extensive validation program. Hiney & Smith (59) have reviewed the validation of PCR detection protocols. They define validation as the property of the application of a technique for a defined purpose and conclude that "validation is the bridge between any technical 'black box' and its application that allows the meaning of the results generated to be interpreted correctly." A false negative or false positive could be costly and until a high level of confidence is established, new PCR protocols will not be adopted without concern. This issue is currently being addressed by a new initiative, the International Seed Health Initiative, which has been charged with developing or validating detection protocols for seedborne pathogens (99).
The purpose of the diagnosis protocol and the discriminatory power desired also influence adoption of PCR-based methods. PCR assays to detect or identify pathogens associated with high risk are more likely to be adopted by non-research laboratories. For example, the purpose of detecting X.a. pv. citri, the federally regulated citrus canker organism, is an issue of higher priority than the detection of P. syringae pv. syringae of tomato, causal agent of brown spot, an uncommon and inconsequential disease.
Finally, lack of experience, equipment, or funds may have slowed the adoption of new PCR-based approaches. Fraaije et al (41) concluded, "the application of PCR for large scale routine indexing of potato tuber seed lots is expensive and laborious." However, with labor often at a premium and time of the essence, PCR protocols will rapidly become a more viable and economic alternative. The price of hardware for PCR-based analyses has decreased substantially and computerassisted pattern analysis and data management methods are increasingly user friendly and require less specialized expertise. Therefore, there is considerable optimism that PCR-based technologies will be incorporated into plant disease diagnosis and pathogen detection to an extent comparable with that found in medical and food microbiology.
CONCLUSIONS
PCR-mediated methods comprise a DNA-based approach to assess the diversity of pathogen populations, detect pathogens, and diagnose disease. Combining different PCR protocols such as 16S rDNA amplification and DNA sequence analysis, with total genome fingerprinting methods such as rep-PCR genomic fingerprinting could produce robust genetic diversity maps of plant pathogens from the family to the strain-specific taxon levels, complementary to other classification methods currently in use. Construction of precise genetic diversity maps will provide a better framework for addressing important plant disease problems related to ? detection of pathogens, diagnosis of disease, and ultimately management of disease risk. The technology-driven advances in PCR-based protocols, informatics, and other computer applications reviewed here, combined with emerging opportunities to acquire fundamental knowledge of the ecology and population dynamics of bacterial pathogens, portend an exciting new era for plant pathologists.
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